While dark matter self-interactions may solve several problems with structure formation, so far only the effects of two-body scatterings of dark matter particles have been considered. We show that, if a subdominant component of dark matter is charged under an unbroken U (1) gauge group, collective dark plasma effects need to be taken into account to understand its dynamics. Plasma instabilities can lead to collisionless dark matter shocks in galaxy cluster mergers which might have been already observed in the Abell 3827 and 520 clusters. As a concrete model we propose a thermally produced dark pair plasma of vectorlike fermions. In this scenario the interacting dark matter component is expected to be separated from the stars and the non-interacting dark matter halos in cluster collisions. In addition, the missing satellite problem is softened, while constraints from all other astrophysical and cosmological observations are avoided.
I. INTRODUCTION
Dark matter (DM) contributes a significant fraction to the energy density of the Universe, with an abundance about five times as large as that of baryonic matter. However, our knowledge about this prevalent form of mass in the Universe is quite limited. The dark sector could very well consist of several distinct species of particles, each with their own interactions and dynamics.
Observations of the Bullet Cluster (1E 0657-558) and galactic DM halos suggest that most of DM is collisionless [1] [2] [3] . Nevertheless, there are hints that at least a subdominant component of DM might be self-interacting. Apart from the missing satellite and cusp vs. core problems, some observations of galaxy clusters support this claim. A recent weak lensing study of the Abell 3827 cluster [4] discovered an offset between the distribution of DM and the visible stars in the central galaxies of the cluster, which can be interpreted as a signature of DM self-interactions. Similarly, the distribution of DM in the Abell 520 cluster has been reconstructed from weak gravitational lensing [5, 6] , and it has been suggested that a mass peak coinciding with the visible hot gas is required.
These observations can not be explained with collisionless DM, or in the case of Abell 520, by assuming that all of DM is self-interacting [7] . Instead, an explanation requires that a subdominant component of DM behaves similarly to the visible ionized gas-developing shock fronts while its kinetic energy is converted into heat. This interacting DM component then forms a collisionless shock even if the mean free path of DM particles is much larger than the size of the system. The possible observation of the DM plasma is compatible with recently proposed models of a dark disk within our own Galaxy [8] . In these models, the galactic dark plasma collapses into a thin disk through radiative cooling. In order for this collapse to occur within the lifetime of the galaxy, a light "dark electron" is required, which is, however, not necessary for generating the mass distribution observed in the Abell 3827 and 520 clusters. As a minimal model capturing the essential features of plasma dynamics, we study a specific form of DM, a dark pair plasma consisting of vector-like fermions and antifermions that interact via dark photons-gauge bosons of an unbroken dark U (1) gauge symmetry. This model can explain the existence of starless DM halos in galaxy cluster mergers, as well as solve some well known structure formation problems, while it is only weakly constrained by Cosmic Microwave Background (CMB) measurements and Big Bang Nucleosynthesis (BBN). In earlier studies of U (1) charged DM, plasma effects such as Debye shielding have been taken into account [9] [10] [11] . Yet, in any previous study of dark matter self-interactions in cluster collisions, only individual scattering events have been considered, even though collective plasma effects are crucial for understanding the dynamics of this form of DM. The aim of this work is to fill this gap.
Such a dark pair plasma is an appealing form of DM both theoretically as well as experimentally. We show that it can be a thermal relic, avoiding complicated production mechanisms required for asymmetric DM such as atomic DM [12] [13] [14] [15] . It does not generate dark acoustic oscillations (DAO), is consistent with the CMB measurements, and its dark halos remain triaxial due to inefficient dark bremsstrahlung, i.e. it does not collapse to disks. In addition, dark U (1) models may solve one of the major unexplained puzzles of the standard model (SM)-the hierarchy of Yukawa couplings that spread over at least 6 orders of magnitude [16] . 
where
is the covariant derivative, F µν D is the field tensor of the dark photon A µ D , χ is the interacting DM component with mass m D and e D is the dark U (1) charge. We do not include a kinetic mixing term F Dµν F µν , since such a term is severely constrained by recombination and halo dynamics [11] .
We assume that the dark sector is populated in the early Universe through freeze-out of some feeble interaction with the SM above the electroweak scale. Therefore the temperatures of the two sectors coincide at this time, but will evolve differently as the relativistic degrees drop out of equilibrium in the two sectors. The relic density of the fermionic interacting DM is fixed through freezeout of the annihilation into dark photons. The thermally averaged cross section for the process χχ
is the fine structure constant of the dark U (1). The Sommerfeld enhancement of this cross section has a negligible impact on the abundance of the dark fermions [9] and will be ignored. Following the procedure in [17] we obtain the freeze-out temperature
where a, b are the expansion coefficients in (2) and
The relic abundance of the interacting DM component is then
where m P denotes the Planck mass. We set this relic abundance to Ω χ = ξ Ω CDM , where ξ is the fraction of the interacting species and h 2 Ω CDM = 0.1198 ± 0.0015 [18] is the overall DM abundance. Thus, for ξ = 30 % interacting DM, the expected relic abundance is obtained if
B. Collisionless Shocks
Collisionless shocks are a prevalent phenomenon in astrophysical plasmas [19] , and have been observed e.g. in the Earth's bow shock, in the expansion of supernova remnants into the interstellar medium, and in the behavior of the ionized gas in galaxy collisions. In all those situations, the mean free path of particles in the plasmas is orders of magnitude larger than the physical size of the shock fronts.
The physics of collisionless shocks, which arise from collective plasma instabilities, is an active research topic. Laboratory experiments and computer simulations have investigated the formation of instabilities in relativistic and non-relativistic plasmas consisting of electrons and protons, and of electron/positron pairs.
The formation of collisionless shocks can be roughly divided into two phases [20] . The first phase consists of the the buildup of the instabilities, followed by their saturation. The buildup phase can be studied by linear approximations and is relatively well understood. Depending on the type of plasma different instability modes can dominate [21] . The second phase is highly nonlinear and can be studied only by means of numerical simulations. Most of the dissipation of kinetic energy takes place in this phase. The latter can be roughly understood as an effect caused by scattering of the upstream particles from the strong electric and/or magnetic fields generated during the first phase.
Let us now examine the fundamental characteristics of the dark plasma: its Debye length, the plasma parameter and the plasma frequency. For the colliding intracluster DM halos, we set the size to R = 200 kpc and the mass to M = 4 · 10 13 M , corresponding to the dimensions of the colliding Abell 520 subclusters. Assuming uniform distribution, the average density of the interacting DM is then 1.36 · 10 −2 GeV/cm 3 . This information, together with the interaction strength α D , is sufficient to calculate the time scale for the plasma instabilities. The mean free path of DM particles depends on the temperature of the self-interacting DM component, which we can estimate from the virial theorem for each of the colliding sub-clusters
Here G N = 1/m 2 P is Newton's constant, and n dof = 3 is the number of degrees of freedom of a single particle.
The Debye length in our minimal model is then
If two particles are separated by more than this distance, the Coloumb interaction between them is effectively shielded by free charge carriers. Clearly this distance is diminutive in comparison with astrophysical scale.
The plasma parameter Λ is defined as the number of charge carriers within a sphere of radius λ D ,
Since Λ 1, the the plasma is weakly coupled and collective effects caused by long range forces dominate plasma dynamics. The characteristic time scale for collective plasma effects is the inverse of plasma frequency
where n is the number density and m D the mass of the DM particles. The mean free path of charged particles in plasma is
If the physical size of the plasma exceeds the mean free path, it is effectively collisionless. Typical sizes of galaxies are of the order of 100 kpc and galaxy clusters lie in the range 1-10 Mpc. All in all the dark plasma is collisionless and collective effects such as plasma instabilities dictate the dynamics. The time it takes to form a collisionless shockwave can be estimated by considering the instability growth rate. In a symmetric non-relativistic collision of two pair plasmas the dominant instability mode is the Buneman/TwoStream mode for which the corresponding growth rate is of the order of the plasma frequency [21] . A conservative order of magnitude estimate of the time scale of shockwave formation is then
This is certainly much smaller than the characteristic time scales of astrophysical collisions. We thus conclude that this form of interacting dark matter collision should be described by a collisionless shock. We are not aware of studies of non-relativistic pair plasmas. However, a study of relativistic pair plasma collisions [23] suggests a time scale that is even an order of magnitude smaller than estimated in eq. (11) . Nevertheless, as our argument is mostly based only on the instability growth rates in the linear regime and the similarities in behavior of visible astrophysical plasmas, a numerical study of non-relativistic collisions of dark pair plasmas would be needed for a conclusive treatment.
C. Atomic Dark Plasma
Our minimal model assumes that the interacting subcomponent of DM exists in the form of a collisionless pair plasma. It is also conceivable that the dark plasma could consist of light "dark electrons" and more massive "dark protons", thus imitating the visible sector. Such scenarios of atomic DM require a non-thermal, asymmetric production history. Here we do not discuss any such models in detail, but note that any mass non-degeneracy of the particles making up the plasma does not significantly affect the estimate of the instability growth rate [21] . Therefore the collisionless shock behavior will also dominate the dynamics of atomic dark plasmas.
III. OBSERVATIONAL CONSTRAINTS A. Bullet Cluster
This work was motivated by observations of the Abell 3827 and 520 clusters, but many similar systems exist [22] . Perhaps the most unambiguous of those is the Bullet Cluster, from which constraints have been derived on the interactions of DM. It has been shown that no more than 30% of the total DM mass can be lost from the subcluster as it passes through the main halo [1] .
B. BBN
Changing the properties of DM changes the dynamics of the early Universe, and therefore any deviations from the usual ΛCDM model will be strongly constrained. New relativistic degrees of freedom change the expansion history of the Universe during BBN, leading to a constraint which is usually expressed as a limit on the effective number of light neutrino species [18] ,
where T γ and T D are the SM and dark photon temperatures during BBN, respectively. We assume that the dark and visible sectors were in thermal equilibrium and decoupled at temperature T * above the weak scale. Entropy conservation implies that they are related by
where g * s,D and g * s,γ are the numbers of relativistic degrees of freedom in the two sectors. This implies N eff = 3.18 and eq. (12) is therefore satisfied within 1σ. The ratio in eq. (13) assumes that the dark sector contains only one relativistic fermion at T * . By considering an extended scenario with N D effective relativistic dark fermions at T * , the bound in eq. (12) implies
Note that if all fermion masses exceed T * , N D = 0 and eq. (12) is always satisfied.
C. CMB
Dark matter is usually considered to be pressureless, so that all primordial DM density fluctuations start to grow immediately after they enter the horizon. If a subcomponent of DM interacts with massless dark photons, the growth of structure is suppressed until the DM and dark photons kinetically decouple. This effect could be observed in the Cosmic Microwave Background as a suppression of fluctuations at large multipole moments.
The kinetic decoupling of the dark fermions and the dark photons occurs when the Compton scattering rate in the dark plasma drops below the Hubble rate [24] . The Compton scattering rate for dark plasma is
and the Hubble rate in the radiation dominated epoch is
where g * is the effective number of relativistic degrees of freedom, with g * = 3.36 at temperatures well below the electron mass. Setting Γ C = H we obtain the temperature of kinetic decoupling
The determination of the exact effect of the DM/dark radiation coupling on the CMB is beyond the scope of this letter. Here we will simply require that the decoupling happens above T kin > 640 eV, so that the DM/dark radiation coupling only affects multipoles above l > 2500 and is thus unconstrained by the Planck data. This will lead to a more conservative limit than what would be allowed by a more detailed analysis, but will be used here as a robust constraint. It should be noted that values near the lower end of this limit, or slightly below it, can help to alleviate the missing satellites problem [24, 25] . The cut-off on the size of the gravitationally bounded DM structures due to kinetic coupling with the dark radiation is given by ∼ 10 −4 (T kin /10 MeV) −3 M [26] , so that for T kin ≈ 0.5 keV the cut off is at ∼ 10 9 M , as required to ease the missing satellites problem. However, in our case only a subdominant part of DM is coupled to the dark radiation and thus the cut-off will only affect the interacting fraction of DM, so that structures smaller than the cut-off will still exist, only in fewer numbers. Figure 1 depicts the kinetic decoupling constraint on the (m D , α D )-plane, as well as the parameter space region compatible with the relic abundance. Restricting to the region that produces the desired relic abundance, the kinetic decoupling limit gives a lower limit on the mass of the DM particle. For ξ = 0.3 this limit is roughly m D > ∼ 0.5 GeV. We show also the upper limit from requiring that the Landau pole of the dark U (1) lies above the Planck scale, which for ξ = 0.3 corresponds to roughly m D < ∼ 5 TeV. In the case of atomic DM, there is an additional constraint from the acoustic oscillation peak that results from the recombination of dark atoms [27] . This turns out to be very constraining on the parameter space of the atomic DM, but it still leaves some plausible parameter space for, e.g., the model proposed in [8] . 
FIG. 1:
The constraints on the parameter space of the dark pair plasma model. The black contours show the relic abundance of the dark plasma, as a fraction of the total DM abundance. The dip around 3 GeV is due to the change in the number of relativistic degrees of freedom during the QCD phase transition. The orange shaded region is disfavored by the kinetic decoupling constraint, and the lower limit of that region is favored for alleviating the missing satellites problem. The blue shaded region is excluded, in absence of a UV completion, if we require that the Landau pole of the dark U (1) coupling is above the Planck scale.
D. Dark Halo Stability
The dark pair plasma will heat up and become virialized both in galactic DM halos and in galaxy cluster collisions. Similar to visible matter, it can dissipate heat through dark bremsstrahlung and through Compton scattering off dark photons. The characteristic time scale for dark bremsstrahlung cooling for the plasma parameters given above is [8] t brems ≈ 3 16
where the dependence on the DM mass cancels to leading order: cooling becomes more efficient for smaller DM mass, but this is offset by the smaller coupling constant required to produce the correct relic density. The characteristic time scale for dark Compton scattering is even larger and can be neglected for all reasonable values of the DM mass and coupling. A thermally produced pair plasma can therefore not efficiently dissipate heat, so that dark pair plasma halos remain triaxial. This is in contrast to atomic DM, consisting of asymmetric light and heavy dark fermions. Because of the non-thermal production mechanism, the dark coupling strength is here independent of the DM density. Atomic DM with light "dark electrons" can therefore cool down sufficiently fast to collapse to a dark disk within the lifetime of the Universe.
IV. DISCUSSION AND CONCLUSIONS
In this paper we considered the possibility that a subdominant component of DM has long-range interactions and exists as a dark pair plasma. We found that a thermally produced dark pair plasma is necessarily collisionless, but can self-interact through collective plasma effects. The possibility of forming collisionless shocks will then modify the dynamics of galaxy cluster collisions, leading to effects such as an offset of DM halos as in Abell 3827, or to an isolated DM clump as in Abell 520.
To our knowledge, no numerical simulations or experiments have so far directly investigated non-relativistic collisionless pair plasmas. Our argument is however quite general, based on instability growth rates in the linear regime. For an atomic DM plasma which imitates the SM, the analogous behavior of visible astrophysical plasmas can be directly used as a proof that collisionless shocks should also exist in the dark sector. Nevertheless, numerical studies of non-relativistic dark pair plasmas would be desirable for a more thorough treatment.
Ultimately, collisionless shocks are an efficient form of DM self-interactions, explaining the features observed in the Abell 3827 and 520 clusters. If a galaxy moves through an intra-cluster medium of interacting DM, a drag force between the halo DM and the background cluster dark plasma is generated through plasma instabilities, potentially distorting halo shapes or even striping galaxies of the interacting DM component. Thus a dark pair plasma offers spectacular signatures for its discovery, and we encourage the astrophysics community to look for these effects.
